The electrical neutralization of charged aerosol particles by bipolar ions in a flow-type chamber was studied theoretically and experimentally. The time-dependent changes in electrical charge of aerosol particles were evaluated by numerically solving the "birth-death" equation under various conditions. The calculated results were arranged using dimensionless parameters, and the necessary conditions for charged particles to attain equilibrium charge distributions were clarified. The graphs presented in this paper enable one to estimate the minimum concentration of bipolar ions required to neutralize the charged particles under various conditions. Someof these results are found to agree with experimental results obtained by means of the visual technique in the measurement of particle size and electrical mobility.
Introduction
Most aerosol particles maycarry positive and/or negative electrical charge, acquired during their generation process or by contact electrification. When aerosols are highly charged and have to be neutralized, it is often of interest to evaluate the conditions and the time necessary to minimize the charge or reduce it to the equilibrium state by means of bipolar ions. A typical example of this kind of electrical neutralization is seen in electrostatic particle size analysis where the equilibrium bipolar charge distribution for each particle size is of primary importance in size analysis.
Radioactive sources, such as Kr-85 and Am-241, are usually used, and alternating current corona discharge may sometimes be used to generate the bipolar ions which are effective in neutralizing the charge of aerosol particles. To minimize the activity of the radioactive source to be used, it is necessary to evaluate the minimum bipolar ion concentration required to neutralize the charge of aerosol particles at variously charged conditions. In previous studies, Takahashi and Kudo studied the neutralization process for aerosol particles having single elementary charge,12) and Liu and Pui studied it for highly charged particles with plenty of bipolar ions.8) The authors have studied the bipolar charging process of uncharged particles by a-ray radioactive source,1* and Marlow and Brock have analyzed the bipolar charging process in the atmosphere considering the difference in physical properties between negative and positive ions.10) None of these previous studies, however, has evaluated the neutralization of The neutralization process of aerosol particles by bipolar ions produced from a radioactive source in a flow-type chamber is considered in this paper. In the theoretical section, the basic equations expressing the neutralization process are numerically solved under various initial charges, number concentrations, radii of aerosol particles and various bipolar ion concentrations. The necessary conditions to be neutralized for various systems are obtained by use of dimensionless parameters. Some of the theoretical predictions are examined in the experimental section, where the visual technique in measuring particle size and electrical mobility is applied.
1. Theoretical Consideration
Basic equation
The system to be analyzed here is shown in Fig. 1 . The radioactive source is placed on the bottom of a chamber having the volume V and produces bipolar ions at a constant rate S'. The charged aerosol particles are steadily fed into the chamber, which is filled with bipolar ions. Then charged aerosol par- Under the above assumptions, the dimensionless "birth-death" equations expressing the process of neutralization can be written as
\p\*l where A=xNi'V/Q, B=rJoNi/V/Q, C=S'V/(QN/) (4) and each dimensionless variable is as follows.
N=N'/Ni', no=no'/n;in, \ nv=nvf\n[in, PEp=r1pho > (5) PlP=1P*/io, t=t'/(V/Q), C=N//n;in \ where 00 n' tin= Yj n' pin p=-oo The time t is nondimensionalized by the average residence time as shown in Eq. (5)n) in this paper, which differs from our previous study.1} The left-hand side of Eq. (1) represents the change in number concentration of bipolar ions. The first and second terms of the right-hand side indicate the loss rates of bipolar ions due to recombination and collision with particles, respectively. The third term is the generation rate of bipolar ions in the chamber and the fourth term the leaving rate of bipolar ions from the chamber. Equations (2) and (3) indicate the changes in number concentration of uncharged and charged particles with time. The first and third terms in brackets on the right-hand side of Eq. (3) represent the rate of appearance of particles carrying pe charge due to collisions with ions, and the second term the rate of disappearance of these particles due to collisions with ions. The third and fourth terms are the rates of particle accumulation carrying the initial charge in the chamber. In these equations, flEp or /?fp is the ratio of the combination probability of an ion with particles carrying pe charge of sameor opposite sign, rjp or y\ *, to that with uncharged particles, rj0, respectively. Reasonable expressions of fiEp and /?fp for particles larger than 0.1 fim can be given as4) (6) j8Bp=V/o=J'/{exp (>')-l} j3fP=W>7o=l jl/{l-exp(-|jl)} where y =pe2/4ns0KTa no = 4nDiona/{4DioJ(aGion) + a/(a + lion)}
The initial condition in the chamber is given as follows.
no=np=0 (8) And the initial concentration of bipolar ions in the chamber, Nt', can be derived from Eq. (1) by setting no =np=Q in a steady-state conditions as follows.
The numberconcentration of particles carrying pe charge fed into the chamber is assumed to follow the normal distribution as nPin=ripJn' tin=exP { -(P~Pin)2/2oE2}/\/ 2n°e \P\^\ (10) the Boltzmann charge distribution which is thought to be sufficiently neutralized, equilibrated and electrically stable for aerosol particles larger than 0.1 m4,12) jfaQ tjme required to attain steady state is found to be within about five times the meanresidence time for various values of £ and C Fromthe calculated results under the various conditions, the change was found to be independent of aE over the range ofa=0.1 to 1.0/mi at constant values of C and C, and was found to depend onpin. Figure 3 shows the representative changes in charge distribution of positively charged particles with time. WhenC is 1000, the charge distribution has already attained the Boltzmann charge distribution at t= 0. 15 thoueh particle number concentration has not vet Fig. 3 . Change in charge distribution with time. Fig. 4(a) .
Change in average charges with t/\pin\ for 2.0 jum particle diameter. number of charges, | p | /| pin | , for different values of C and £ at steady state. It is found that the decrease in particle charge is attainable, wheneither C or £ is large. For values of C/\pin\ larger than 5.0, the calculated curves for |^.n|=30 and 100 agree with that for | pin| = 1000. A similar tendency is seen in the case where particle diameter is 0.2 jum. Figure 5 shows the critical values of dimensionless parameter C, where particles attain the Boltzmann equilibrium charge distribution, as functions of particle size and initial particle charge. For example, when particles of 2.0/im in diameter and lOOe Coulomb are neutralized at the value of C/\pin\ = 0.1, a value of C larger than 1200 is required to make them reach Boltzmann equilibrium.
Experimental Apparatus and Method
A schematic diagram of the experimental apparatus is shown in Fig. 6(a) . The monodisperse DOPaerosol particles generated by a Rapaport-Weinstock type generator were charged negatively or positively by a corona charger, and were passed through a neutralizer at constant flow rates in the range from 1.5 to 18 //min, which correspond to the average retention time ranging from 0.17 to 2.08 sec. Bipolar ions were produced by a-ray from Am-241 radioactive source. The Am-241source was attached to the bottom of the neutralizer as shown in Fig. 6(b) . The height of the neutralizer is 4cm, which is shorter than the flight distance of a-particles.3)
The neutralizer has two perforated plates so that uniform mixing of particles Fig. 6(a) . Schematic diagram of experimental apparatus. with bipolar ions can be expected. The production rate of bipolar ions in unit volume, S\ was evaluated by the method described in our previous paper.1} The electrical mobility distributions of aerosol particles before and after neutralization were measured from the motion of charged particles in an electric field by the visual technique,6'7* and the particle size distribution and number concentration were measured by an ultramicroscopic size analyzer.14) Main experimental conditions are shown in Table 1 . Figure 7 shows the time-dependent change in number concentration of aerosol together with the corresponding theoretical curve calculated by Eqs. (2) and (3). As seen from Fig. 7 , the experimental particle number concentrations increase gradually with time and attain that of the input. The good agreement between experiment and calculation means that the aerosol is completely mixed without any particle deposition on the walls of the neutralizer. Figures 8(a) -(e) compare the changes in electrical mobility distribution obtained by experiment with those calculated by Eqs. (1), (2) was evaluated by converting from the observed electrical mobility as follows.
Experimental Results and Discussion
The experimental data in Figs The agreement between experimental and calculated results in Figs. 8 and 9 suggests that the theoretical curves presented in this paper are useful for designing neutralizers under various conditions. C onclusion The neutralization of charged aerosol particles by bipolar ions was theoretically and experimentally studied under various conditions, and the following conclusions were obtained. 1) As to the time-dependent change in electrical charge distribution of aerosol particles, the theoretical calculation agreed with the experimental results.
2) The critical conditions required for charged particles to attain the Boltzmann equilibrium charge distribution were evaluated for various conditions using two dimensionless parameters, the ratio of the number concentration of bipolar ions to that of aerosol particles, £, and the ratio of generation rate of bipolar ions in a chamber to the leaving rate of bipolar ions from the chamber, C.
3) The time required to attain steady state was found to be within about five times the mean residence time for various conditions. Efficient use of both energy and resources in process design was studied by the multi-objective analysis. Exergy consumptionand total investment cost are used to measure energy and resource conservation, respectively. A family of £-constraint problems, in which the constraint is the exergy consumption, was formulated to obtain the trade-off between the two objectives and was solved successively by the max-sensitive method. The preferred solution is easily obtained for a specified condition by using the sensitivity profile along the non-inferior solution curve. An evaporator system for milk concentration is solved as an illustration.
MULTI-OBJECTIVE ANALYSIS FOR ENERGY AND RESOURCE
In troduction A process system is composed of various equipment items and is driven by many types of utilities. The size of each piece of equipment and the amount of each utility should be as small as possible. In other words, efficient use of both energy and resources must be Received August 9, 1982 . Correspondence concerning this article should be addressed to H. Nishitani.
VOL. 16 NO. 3 1983 considered in planning, designing, and operating a process system. Energy and resource conservation are usually achieved with regard to the real-world cost of the commodities. Although relative economics plays an important role in all decisions concerned with the system, a physical measure will enable engineers to investigate the energy and resource conservation technologically. They can understand the problems more easily and thus can improve the efficiency of the
